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Abstract: The serin^cysteine protease inhibitor phenylmethylsulfonyl fluoride (PMSF) has 
been used both to promote and to protect against neuropathic events of organophospho- 
rus-induced delayed neuropathy (OPIDN) in hens (Veronesi and Padilla, 1985; Pope and 
Padilla, 1990; Lotti et ai., 1991; Pope et ai, 1993; Randall etai, 1997). This study is the 
first to expand upon this work by using high resolution microscopy provided by epoxy resin 
embedding and thin sectioning to evaluate neuropatbological manifestations of promotion 
and protection, and to correlate them with associated clinical modifications. To evaluate 
dose-related effects of OPIDN, single phenyl saligenin phosphate (PSP) dosages of 0.5, hO, 
or 2,5 mg/kg were administered to adult hens. PMSF (90 mg/kg) was given either 4 hours 
after (for promotion) or 12 hours prior to (for protection) PSP administration. Clinical signs 
and pathologic changes in the biventer cervicis nerve, which is uniquely sensitive to 
OPIDN (El-Fawal et al., 1988), were monitored. PSP alone, 2.5 mg/kg, caused severe 
OPIDN (terminal clinical score 7.5 ± 1.0 fO-8 scale}; neuropathology score 2.7 ± 0.3 10-4 
scale, based on myelinated fiber degeneration]). PMSF given 12 hours prior to PSP gave 
complete protection (clinical and neuropathology scores of 0; p<0.0001 compared to PSP 
alone). Signs and lesions of OPIDN were absent following 0.5 mg/kg PSP alone, but PMSF 
given 4 hours after PSP potentiated its neurotoxic effects (all hens had clinical scores of 4.0 
and the average neuropathology score was 3.5 ± 03; p<0.0001 compared to PSP alone). 
Although quantitative differences were noted, qualitative differences among nerves from 
hens with OPIDN were not evident, either with light or electron microscopy. At the time of 
sacrifice, there was a statistically linear relationship (r^ = 0.76) between the clinical scores 
on the last day of observation and the neuropathology scores (p<0.0001). This study 
demonstrates that the degree of peripheral nerve myelinated fiber degeneration correlates 
with clinical deficits in PMSF-induced potentiation of and protection against OPIDN. 
©1999 Intox Press, Inc. 

Key Words: Organophosphorus Ester-Induced Delayed Neuropathy (OPIDN), Hen, OPIDN 
Promotion, PMSF, OPIDN Protection 



INTRODUCTION 

Some organophosphorus (OP) compounds have the 
potential to induce delayed neuropathy (OPIDN), 
described as a distal non-terminal degeneration of large 
myelinated fibers, occurring several days after a single 
exposure. OPIDN has been reported in different species, 
including humans, domestic and wild animals. The 
cliiiical signs in susceptible species (primates, cattle. 



sheep, water buffaloes, cats, chickens, ferrets, and 
turkeys) develop 6-14 days after a single exposure, and 
consist of incoordination, ataxia and weakness, with 
progression to complete flaccid paralysis within a 3 week 
period (Smith and Spalding, 1959; Johnson, 1975a,b; 
Bouldin and Cavanagh, 1979a,b; Abou-Donia, 1981; 
Veronesi, 1984; Padilla and Veronesi, 1985; Jortner and 
Ehrich, 1987; El-Fawal et al, 1988, 1990; Jortner et al, 1989; 
Stumpf et al, 1989; Abou-Donia and Lapadulla, 1990; 
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Lapadula etai, 1992; Lotti, 1992; Pope et al, 1992; Ehrich, 
1996). Of these species, the domestic chicken (hen) has 
proven to be the most reliable animal model to study the 
delayed effects of organophosphate intoxications, since it 
readily shows clinical signs and lesions (US EPA, 1991). 

OP compounds capable of inducing delayed 
neuropathy are known to inhibit a carboxylesterase 
enzyme called neurotoxic esterase (NTE) (Johnson, 1982; 
Aldridge, 1993; Ehrich, 1996), Determination of the 
percentage of brain NTE inhibition within hours (24-48 
hours) of exposure of hens to OP compounds is one test 
required by the Federal Insecticide, Fungicide, and 
Rodenticide Act (FIFRA) before new OP insecticides can 
be registered for use (US EPA, 1991), It has been 
previously reported that delayed neuropathy can 
develop if more than 70-80% NTE inhibition occurs 
within the brain, and if the bond between OP compound 
and enzyme is so strong it is essentially irreversible 
Oohnson, 1975a,b, 1982). The OP toxicant used in the 
present study, phenyl saligenin phosphate (PSP), is an 
active congener of tri-ortho-tolyl-phosphate (TOTP) (Eto 
et al, 1961), and is able to induce inhibition of NTE and 
produce delayed neurotoxicity in hens (Jortner and 
Ehrich, 1987; El-Fawal et al, 1990). 

Phenylmethylsulfonyl fluoride (PMSF), a 
serine /cysteine protease ir^ibitor, is a non-neuropathic, 
long acting NTE inhibitor. It can either protect against or 
potentiate the clinical and neuropathological effects of 
neuropathic organophosphate NTE inhibitors in 
developing or in adult animals, depending upon the 
sequence of PMSF and OP administration (Baker et al., 
1980; Pope and Padilla, 1990; Lotti el al, 1991; Moretto et 
al, 1992, 1994; Pope et al, 1992, 1993; Peraica et al, 1993; 
Funk et al., 1994; Richardson, 1995; Harp et al, 1997; 
Randall et al, 1997). One of the theories proposed 
concerning protection fromOPIDN by pre treatment with 
non-neuropathic NTE inhibitors is that they shield the 
target site from subsequent modification by neuropathic 
compounds. Interestingly, while pretreatment witli such 
non-neuropathic compounds can prevent clinical signs of 
OPIDN, the same compound can potentiate such clinical 
signs if administered after the neurotoxic OP. The 
mechanisms involved in OPIDN potentiation are 
unknown. 

Neuropathological techniques such as perfusion 
fixation, plastic embedding, thin sectioning for high 
resolution light microscopy and ultrastructural 
examination have been used in the past to study nervous 
system lesions, including the characteristic changes of 
OPIDN gortner and Ehrich, 1987; El-Fawal et al, 1988, 
1990; Jortner et al, 1989; Dyer et al, 1992; Ehrich et al, 
1993). OPIDN is characterized by distal non-terminal 
axonopathy affecting larger myelinated fibers, which 
progress to Wallerian-type degeneration of specific 
ascending and descending tracts of sensorimotor 
pathways of the brain stem, spinal cord and peripheral 



nerves (Bischoff, 1967,1970; Prineas, 1969; Preissig and 
Abou-Donia, 1978; Bouldin and Cavanagh, 1979a,b; 
Krinke et al, 1979; Jortner, 1982, 1984; Jortner and Ehrich 
1987; Tanaka and Bursian, 1989; Lapadula el al, 1992; 
Classen et al, 1996). These neuropathologic techniques 
have not been used to study the morphological changes 
observed during promotion or protection of OPIDN, yet 
they would determine if changes associated with 
promoted OPIDN are the same as those for unpromoted 
OPIDN. 

The objectives of this study were to critically assess 
PMSF-induced promotion of and protection against 
OPIDN in hens using neuropathological endpoints. For 
these studies, epoxy resin plastic-embedded tissue, high 
resolution light microscopy and ultrastructural 
examination were used. The techniques had not 
previously been used for study of promoted OPIDN. This 
study also correlates clinical signs with neuropathologi- 
cal findings in these modifications of OPIDN. The focus 
was on lesions of the hen biventer cervicis nerve, a nerve 
especially sensitive to functional and morphological 
effects of OPIDN (El-Fawal el al, 1990; Dyer et al, 1991). 
The use of resin embedding allowed thin (1 yxa thick) 
sections which give excellent light microscopic resolution 
to enhance qualitative and quantitative evaluation of 
biventer cervicis nerve fiber degeneration. This is also the - 
first study to examine the promotion effects of PMSF 
utilizing different doses of the OPIDN-inducing 
compound, PSP. 

METHODS 

Seventy-nine adult female White Leghorn chickens 
(> 8 months of age) were used in the experiments 
described below. They were lines selected from the 
Cornell random-bred population obtained from the 
Department of Poultry Science, Virginia Polytechnic 
Institute and State University. They received water and a 
commercial poultry feed ad libitum, were free of apparent 
diseases, and vaccinated against Marek's disease. 

As noted above, the delayed neurotoxicant phenyl 
saligenin phosphate (PSP, synthesized by Lark 
Enterprises, Webster MA) was employed to induce 
OPIDN Qortner and Ehrich, 1987). The serine/ cysteine 
protease inhibitor phenylmethylsulfonyl fluoride (PMSF, 
Sigma Chemical Company, St. Louis, MO) was used for 
promotion or protection from the neuropathy (Lotti et al, 
1991; Moretto et al, 1992). The chickens were divided in 8 
different groups (Table 1). To study dose related effects of 
PSP, single dosages of 0.5, 1.0, or 2.5 mg/kg were admin- 
istered to adult hens by im injection (n = 9-10). In 
addition, groups of hens (n = 10) were given PMSF alone 
(90 mg/kg sc), PMSF four hours before 2.5 mg/kg PSP 
and PMSF four hours after 0.5 mg/kg or 1.0 mg/kg of 
PSP For injection, PSP and PMSF were dissolved in 
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dimethylsulfoxide (DMSO) in concentrations such that 
the hens received a volume of 0.5 ml/kg (0.5 and 2.5 
mg/kg PSP) or 1.0 ml/kg (1 mg/kg PSP or 90 mg/kg 
PMSF). The control group received 0.5 ml /kg of the 
DMSO vehicle sc. 

During the course of the experiment, each chicken 
was examined daily to detect the progression of 
neurologic deficits, by examiners unaware of chemicals 
administered to the hens. Neurologic deficits were 
graded according to an 8 point scale previously described 
by Cavanagh et al, 1961 (0 = normal; 8 = complete 
paralysis). 

In order to monitor the progression of neuropatho- 
logic changes over time, biventer cervicis nerves (El- 
Fawal et ah, 1988) from 3-4 chickens in each of the 
categories described above were collected for light and 
electron microscopy, using immersion fixation (samples 
collected at 9 days post-dosing) or perfusion (day 15-16 
post-dosing). The second procedure is time-consuming 
and was used when clinical signs of OPIDN were 
relatively stable. Immersion fixation was used at a time 
point when clinical signs changed daily so all samples 
could be collected within the same 6-hr time period. For 
immersion fixation, euthanasia was performed by an 
overdose of pentobarbital sodium administered via the 
cutanea ulnaris vein. The biventer cervicis nerve and 
muscle were then removed, straightened on a card, and 
immediately immersed in 3% gluteraldehyde. They were 
held in this fixative at 4 C for approximately 48 hours. 
The nerves were then dissected from the surrounding 
muscle and adipose tissue, and placed in a fresh 3% 
gluteraldehyde solution. Transcardial perfusion fixation 
was performed under deep general anesthesia induced 
by iv pentobarbital sodium, using 5% gluteraldehyde in 
0.1 M phosphate buffer. After perfusion was complete, 
the cadavers were placed in a plastic bag, and stored at 4 
C for 5 to 24 hours, to allow time for dissection of the 
desired tissues. The biventer muscle and attached 
tendon, containing approximately 3.5 cm segment of the 
nerve, were removed and placed in a fresh cold 5% 
gluteraldehyde buffered solution for 24-48 hours. TTien 
the biventer cervicis nerves were dissected from the 
surrounding muscles and stored in a fresh 5% gluter- 
aldehyde buffered solution at 4 C. 

The gluteraldehyde - fixed nerves were trimmed so 
that cross-sections at the mid-level of the belly of the 
biventer cervicis muscle were examined. The nerves were 
post-fixed in 2% Os04 in 0.1 M phosphate buffer, 
embedded in Polybed epoxy resin, sectioned at 1 pm 
thickness and stained with a combination of toluidine 
blue and safranin for light microscopy. For transmission 
electron microscopy evaluation, nerves in selected resin 
blocks were cut at 80 nm, stained with 2% uranyl acetate, 
Reynold's lead citrate solution (Reynolds, 1963), and 
evaluated for ultrastructural changes with a JEOL JEM- 
lOOCX II transmission electron microscope. A five 



category light microscopic neuropathologic scoring 
system was established, based upon percentages of 
degenerated fibers observed in cross sections (0: < 5%; 1: 
> 5 and < 20%; 2: > 20 and < 40%; 3: > 40 and < 60%; 4: > 
60%), as seen in lOOX color transparency photographic 
fields projected on a screen. Less than five percent nerve 
fiber degeneration was considered normal background 
change related to the age of the experimental subjects. 

Fresh brain and cervical spinal (C1-C6 segment) 
cord were removed to analyze for NTE 24 hours after 



TABLE 1. The Influence of PMSF on PSP-lnduced Inhibition of Whole 
Brain and Spinal Cord Neuropathy Target Esterase (NTE) Activity 



Experimental Groups 


% Inhibition, 
brain 


% Inhibition, 
spinal cord 


PSP 0.5 mg/kg 


92.3 ± 0-3 


92.3 ± 0.4 


PSP 1 .0 mg/kg 


84.0 ± 0.2 


92.3 ±1.2 


PSP 2.5 mg/kg 


92.3 ± 0.7 


86.0 ±1.2 


PSP 0.5 mg/kg & PIVISF 


95.5 ± 0.2 


65.5 ± 2.1 


PSP 1.0 mg/kg &PI^SF 


94.7 ± 0.2 


98.7 ± 0.2 


PMSF 90 mg/kg 


^77.0 ± 0,6 


^37.0 ±2.8 


PMSF & PSP 2.5 mg/kg 


90.0 ± 0.3 


82.5 ±0.1 



*PMSF (phenylmethylsuifonyl fluoride), when listed second, was given 
4 hours after PSP (phenyl saligenin phosphate). When listed before 
PSR it was given 12 hr prior to PSP 

'■Mean neuropathy target esterase (NTE) inhibition ± SD, expressed as 
percentages. Neuropathy target esterase (NTE) activities expressed as 
nmol product formed/min/mg protein were 10.6 ± 1 .2 for brain and 3.1 ± 
1 .2 for spinal cord, respectively, in vehicle-treated hens. All experimen- 
tal values were significantly different from controls (p < 0.0001). 
•^Inhibition after PMSF 90 mg/kg was significantly less than the other 
groups (p < 0.0001; a = 0.05). 



TABLE 2. The Influence of PMSF on PSP-lnduced Morphological 
Changes in Biventer Cervicis Nerves on Day 9 and Day 15 Post- 
Dosing*". 



Experimental Groups 


Lesion scores, 
Day 9 


Lesion scores. 
Day 15 


PSP 0.5 mg/kg 


0,0,0 


0,0,0 


PSP 1.0 mg/kg 


0,0.0,1 


2,2,2,4 


PSP 2,5 mg/kg 


0,0,0,1 


3,2,3.3 


PSP 0.5 mg/kg & PMSF 


2,0,1,0 


4,3,4,3 


PSP 1.0 mg/kg & PMSF 


1.1 


3,3,4,4 


PMSF 90 mg/kg 


0,0,0,0 


0,0,0 


PMSF & PSP 2.5 mg/kg 


0,0,0 


0,0,0,1 


Controls 


0,0.0,0 


0,0,0,0 



^PMSF (phenylmethylsuifonyl fluoride), when listed second, was given 
4 hours after PSP (phenyl saligenin phosphate). When listed before 
PSP, it was given 12 hr prior to PSP. 

**Re suits on pathology scores are expressed according to a 0-4 grading 
scale. 
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dosing the hens. These samples were taken from all 
experimental groups described previously (n = 2-3). 
Activities of neurotoxic esterase in brain and spinal cord 
were determined using the method described for hens by 
Sprague et al (1981) modified for microassay by Correll 
and Ehrich (1991). 

Analysis of numerical data was done as follows: 
Means and variance for NTE activities in brain and 
cervical spinal cord, clinical signs, and neuropathological 
changes were analyzed using Duncan's multiple range 
test following tlie general linear model (GLM) statistical 
analysis procedure, to account for the unbalanced data 
between the groups. Significance of relationships 
between clinical signs at the time of sacrifice and lesion 
scores (days 9 ar\d 15) was determined by simple linear 
regression (SAS/ STAT User's Guide, 1989). 

RESULTS 
Neurochemical and Clinical Studies 

The degree of brain and spinal cord NTE inhibition 
24 hours post - dosing is given in Table 1 for all experi- 
mental groups. The neurotoxic esterase activity was very 
sensitive to all doses (2.5, 1.0, or 0.5 mg/kg) of PSP alone, 
resulting in a very high percentage of NTE inhibition, 
without statistical differences among these dosages 
(Table 1). Both PSP and PMSF could inhibit NTE. Both 
inhibited NTE to the extent that any effects of the 
combination could not be detected. 

Hens given PSP alone at 1.0 and 2.5 mg/kg or PSP 
plus PMSF as a promotor developed significant clinical 
signs (Figs, la and lb). These started with mild incoordi- 
nation and weakness, progressing with time to difficulty 
in standing upright. At time of sacrifice, severely affected 
birds showed marked ataxia and total inability to rise. 
There was a dose-effect observed with PSP alone (Fig. 
la). Administration of PMSF 90 mg/kg 4 hours following 
PSP dosing enhanced or promoted the clinical effect, 
compared to the use of PSP alone at the same level (Figs, 
la and lb). This PMSF-induced potentiation of clinical 
signs was greater in hens given 1 mg/kg PSP than in hens 
given 0.5 mg/kg (Fig. lb). OPIDN, as indicated by 
clinical signs or neuropathological examination, did not 
occur in control hens, hens given only PMSF, hens given 
PSP at 0.5 mg/kg, or hens given PMSF 12 hours prior to 
2.5 mg/kg of PSP 

Neuropathological Studies 

Light microscopic evaluation of cross sections of 
distal regions of biventer cervicis nerves revealed a range 
of degenerative changes in 1 .0 and 2.5 mg/kg PSP treated 
hens on post - dosing days 9 and 15-16, when compared 
to normal biventer cervicis nerves obtained from vehicle 



controls. As typical for OPIDN, distal axonopathy 
associated with Wallerian-like degeneration was the most 
consistent morphological change detected, and included 
large swollen myelinated axons with pallor of staining, 
intra-axonal debris and thin myelin sheaths, and 
collapsed axons with myelin degradation. During the 
Wallerian-like degeneration, myelin ovoids and axonal 
debris were noted in surrounding Schwann cells (Figs. 2a 
and 2b). More advanced lesions included endocytosis 
and degeneration of altered fibers by phagocytes (Fig. 
2b), leading to complete replacement of degenerated 
myelinated fibers by columns of proliferating Schwann 
cells known as bands of Buengner. These changes did not 
differ qualitatively between the PSP 1.0 and 2.5 mg/kg 
groups and the PSP 0.5 or 1.0 mg/kg PMSF promoted 
hens (Fig. 2). Peripheral nerve lesions on days 15-16 were 
more extensive in promoted groups, where PMSF (90 
mg/kg) was administered 4 hours after 0.5 or 1.0 mg/kg 
PSP challenge (Fig. 2d), compared with these levels of 
PSP alone (Fig. 2c). On post-dosing day 15-16, a few 
regenerating fibers were present in some severely 
affected nerves (PSP 0.5 mg/kg 4- PMSF 90 mg/kg; PSP 
1,0 mg/kg + PMSF 90 mg/kg). By light microscopy, these 
appeared as small non (pre)-or thinly-myelinated 
neu rites. The pathology scores for all groups of hens (day 
9 and 15 post-dosing) are presented in Table 2. 
Comparison of clinical scores at the time of sacrifice and 
terminal peripheral nerve lesion scores gave a statistical- 
ly linear relationship (r^ = 0.76; p = 0.0001) (Fig. 3), 
therefore the pathology scores increased as the clinical 
signs became more severe. 

As seen by transmission electron microscopy, the 
qualitative changes when present were similar in all 
groups, even though the degree of axonal injury differed 
(Table 2). With electron microscopic evaluation, an early 
stage of neuropathy in affected fibers of the biventer 
cervicis nerve consisted of hypertrophy and distortion of 
agranular-like reticulum with excess accumulation of 
branching cisternal membranous structures in affected 
axons. In addition, there was an increase in number of 
axonal mitochondria which subsequently underwent 
swelling and degeneration. As the neuropathologic 
changes progressed in the affected fibers, axons became 
swollen and contained concentrically arranged 
membranes, sometimes enclosing vesicles and increased 
numbers of mitochondria including degenerate forms, 
dark lamellated osmiophilic inclusions, and small 
electron dense granules. Other affected fibers had either 
rarefied and swollen, or coarse-granular and shrunken 
axoplasm (Fig. 4). Fragmentation of axons and myelin 
sheaths within Schwann cells followed, forming myelin 
ovoids (Fig. 4). Proliferation of the Schwann basal 
membrane was detected in fibers undergoing Wallerian- 
like degeneration. Excess collagen was sometimes 
visualized around degenerating fibers (Fig. 4). By 
electron microscopy, regenerating fibers and bands of 
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FIG. 1. Comparison of clinical scores (0-8) after phenyl saligenin phosphate (PSP). Fig. la. Dose response with 0.5 mg/kg, 1.0 nng/kg, or 2.5 mg/kg 
PSR Significant differences of the mean clinical scores between PSP 1.0 mg/kg and PSP 2.5 mg/kg first occurred at day 11 post-dosing, and the 
termtna/ clinical score increased, relative to the dosage of PSP (mean ± SD). The lowest dose of PSP (0.5 mg/kg) had no discernible clinical effect 
(mean terminal clinical score = 0). Vehicle control hens had no clinical signs. Fig. lb. Dose-related promotion of PSP- induced delayed neuropathy. 
Hens were given PSP 0,5 mg/kg or 1.0 mg/kg, followed in 4 hours by PMSF 90 mg/kg. Promotion of clinical signs seen in hens given PSP 0.5 or 
1 .0 mg/kg followed by administration of PMSF when compared to hens given only PSP was initially noted on day 8 post-dosing (Fig. la). At the end 
of the study, the mean clinical scores for the promoted groups (mean clinical score of promoted PSP 0,5 or 1 .0 = 4,0 and 7.5 respectively; n==4) were 
statistically different (p = 0.0001; a = 0.05) than when PSP 0,5 mg/kg or 1.0 mg/kg were used alone (mean clinical score PSP 0.5 or 1.0 mg/kg=: 0 
or 5.5; n = 4). At day 1 5 post-dosing, the mean clinical scores for hens given PSP 0.5 mg/kg + PMSF were significantly lower than the scores of hens 
given PSP 1 .0 mg/kg followed by PMSF No significant clinical effect was seen in hens dosed only with PMSF or in hens pretreated with PMSF before 
administration of 2.5 mg/kg PSP. 
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FIG. 2. Cross-soctions of the biventer cervicis nerve from hens dosed with 1.0 mg/kg PSP 9 days (Rg. 2a), or 2.5 mg/kg PSP 15 days (Fig. 2b) 
previously. These nerves demonstrate lesions of OPIDN such as swollen, darkly stained axons (thick arrow, Fig. 2a). pale staining swollen axons 
■ (thick arrow, Fig. 2b), profiles of nrTyelin ovolds (thin arrow, Fig. 2b), and bands of Buengner (curved arrow. Fig. 2b). A nerve from a hen given 0.5 
mg/kg PSP (not promoted) shows no significant changes at 15 days (Fig. 2c). In contrast, a biventer nerve from a promoted hen, given 0.5 mg/kg 
followed by 90 mg/kg PMSF, shows extensive myelinated fiber degeneration (thin arrows, Fig. 2d) and fiber loss. Only occasional, mainly small, 
myelinated fibers remain intact. Toluidine blue-safranin stain, bar = 10 pm. 



Buengner were seen in both PSP-ir\duced OPIDN and in 
promotion of that condition, with no qualitative 
differences annong them. 

DISCUSSION 

PSP, the test compound used in this study, is known 
for its high neuropathic potential. It can phosphorylate 
NTE, and the phosphorylated enzyme complex can 'age' 
(Johnson, 1982). In our investigation, brain NTE and 
spinal cord NTE were so highly sensitive to the phenyl 
saligenin phosphate (PSP) organophosphorus compound 
that a relationship between doses of PSP and percentages 



of enzyme inhibition could not be established. The high 
percentage of NTE inliibition that we observed in hens 
given neurotoxic doses of PSP is similar to that seen in 
other studies (Jortner and Ehrich, 1987; El-Fawal et al, 
1990). However we also noted a similar NTE inhibition 
with a non-neurotoxic dose (0.5 mg/kg) of PSP. In this 
latter group, brain NTE was inhibited at >90% by 0.5 
mg/kg PSP, without development of OPIDN. This 
dosage of PSP when potentiated by the reversible NTE 
inhibitor PMSF resulted in clirucal and pathological 
OPIDN in the absence of Kirther NTE inhibition. The 
inhibition of spinal cord NTE when PMSF was added to 
PSP 0.5 mg/kg was less than expected, possibly due to 
the small number of hens analyzed (n=2). These findings. 
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Pathology scores vs clinical scores (cross sections) 



o 

^ 4.0- 




Clinical scores (0-8) 

FIG. 3, Relationship between the clinical scores and the pathology scores in cross sections obtained at day 9 and 15. This graph represents the last 
clinical scores (x) obtained prior to euthanasia, and the pathology scores (y) determined in the biventer cervicis nerve. There is a significant linear 
relationship, determined by simple linear regression, between the last clinical scores and the pathology scores, described by the fine y = 0.0595 + 
0.441 X (r^ = 0.76. p=0.0001). 



however, suggest that inhibition of brain NTE may not be 
hilly predictive of PSP induced delayed neuropathy, and 
that aging may not be related to the occurrence of the 
neuropathy (Lotti et ai, 1991; Lotti, 1992; Pope et al, 1992; 
Johnson, 1993; Moretto et al, 1994; Ehrich, 1996). Others 
have also suggested NTE may not be the only target 
responsible for initiation of OPIDN because the same 
reversible NTE inhibitors (PMSF) can either protect or 
promote OPIDN, depending upon the sequence of 
administration in relation to the neuropathic-inducing 
OP (Lotti et al, 1991; Moretto et al , 1992; Pope et al, 1992; 
Johnson, 1993). When preventing OPIDN, such reversible 
inhibitors are thought to keep neuropathy-inducing OP 
compounds from phosphorylating NTE. The mechanism 
by which these same reversible NTE inhibitors promote 
OPIDN is unknown. Despite this, the degree of brain 
NTE inhibition is recognized as the most sensitive and 
useful indicator of potential to develop OPIDN in OP- 
treated animals (Ehrich, 1996). 

Until recently, all known neuropathic OP 
compotmds were thought to undergo an aging reaction, 
but a more recent study suggested that this second 
critical step following NTE inhibition in the initiation of 
OPIDN may be achieved through alternative molecular 
processes. In support of this, Aldridge (1993) suggested 
that the promotion site, although other than NTE, could 
be similar to and/ or "linked" with that enzyme, facili- 
tating the ability of aging near its catalytic center (Osman 



et al., 1996). Other trophic factors are also thought to be 
involved in the progression of OPIDN, and could explain 
part of the neuropathic mechanism. These hypothesized 
trophic factors include ornithine decarboxylase enzymes 
(Pope et aL, 1995) and a ^H-DFP-binding protein within 
the active subunit site of NTE (Carrington and Abou- 
Donia, 1985; Pope etal, 1992; Pope et al, 1993). 

This present study is unique in that it reports a 
dose-response statistical linear relationship between 
clinical signs and neuropathologic scores for OPIDN in 
hens sacrificed at day 9 and day 15 post-dosing, 
including hens protected from and hens in which the 
neuropathy was promoted. In this study, the relationship 
between scores of clinical signs and biventer cervicis 
nerve lesions of OPIDN (r^ = 0,76) was much higher than 
that reported by Prentice and Roberts (r^ = 0.26-0.36) 
(1983). The latter study did not include evaluation of the 
biventer cervicis nerve. The biventer cervicis nerve is a 
long peripheral nerve that is easily accessible distally, 
and which provides evidence of OP-induced neuropathy 
equivalent to that seen in the tibial nerve (Dyer et al, 
1991). The previous study of Dyer et al. (1991) demon- 
strated that axonal degeneration in the biventer cervicis 
nerve could be used to represent changes in more 
clinically relevant nervous system regior\s such as the 
tibial nerve. In the present study, the terminal clinical 
scores were significantly different between groups in 
which PSP was administered at doses of 0.5, 1.0 and 2.5 
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FIG. 4, Cross section of myeiinated fibers in the promoted hen at 16 days. There is nerve fiber degeneration showing axona! swelling with disorga- 
nized masses of altered mitochondria, and membranous multilamellar bodies (thin arrow). An advanced stage of myelinated nerve fiber degenera- 
tion, showing fragmentation of the axon and myelin sheath within a phagocytic cell is noted (thick arrow). There is an increase in thickness of the 
collagen collar around affected nerve fibers {bar = 2 ijm). 



mg/kg, even though differences in NTE inhibition were 
not statistically different. Most of these PSP-dosed birds 
were free of clinical signs until day-9 post-dosing, 
emphasizing the delayed nature of this neuropathy. At 
the time of sacrifice, tf\e clinical scores were elevated in 
hens receiving PSP at 1.0 mg/kg and 2.5 mg/kg, but 
absent in hens given 0.5 mg/kg, making the latter the no 
observed effect level (NOEL). Similar OPIDN dose- 
response results, including a post-dosing preclinical 
period, were also noted in other studies (Jortner and 
Ehrich, 1987; Ehrich et al, 1993, 1995). 

The lesions in the biventer cervicis nerve in OPIDN 
induced by PSP alone and in PSP neuropathy promoted 
by PMSF were qualitatively similar, and resembled 
previously reported light microscopic changes 
(Cavanagh, 1964; Preissig and Abou-Donia, 1978; 
Bouldin and Cavanagh, 1979a,b; Jortner, 1982, 1984; 
Jortner and Ehrich, 1987). Quantitative neuropathological 
changes in hens receiving 1.0 or 2.5 mg/kg of PSP were 
prominent, and did not significantly differ between these 
two groups. Thus, this was less discriminative than the 
clinical scores. Paralleling the clinical effects, 0.5 mg/kg 



did not elicit lesions. 

Phenylmethylsulfonyl fluoride (90 mg/kg) admin- 
istered prior to a neurotoxic dose of l^P (2.5 mg/kg) 
protected hens from the clinical signs and neuropatho- 
logical changes of OPIDN, as has been noted in other 
studies with hens, rats, and cats (Baker el ah, 1980; 
Veronesi and Padilla, 1985; Pope and PadiUa, 1990; Lotti 
et al, 1991; Pope et al, 1993; Randall et nl, 1997). PMSF's 
protection against OP compounds capable of inducing 
delayed neuropathy is thought to result from making the 
NTE target unavailable to neuropathic compounds. 
Consequently "aging" at the active site cannot occur, and 
thus neuropathic consequences are not observed (Pope 
and Padilla, 1990). In the present study, the presence of 
clinical signs when PSP 2.5 mg/kg was given alone and 
the absence of clinical signs when PMSF was given prior 
to PSP 2.5 mg/kg administration, supports the concept 
that "post-inhibition aging" of NTE is a necessary event 
in OPIDN Gohnson, 1982; Veronesi and Padilla, 1985), In 
addition, this demonstrates that a non-toxic reversible 
NTE inhibitor could protect susceptible species against 
the delayed neurotoxic effects of OPIDN, and could be a 



PMSF MODULATION OF OPIDN 



NeuroToxicohgy 20(5): 1999 - 757 



potentially useful prophylactic agent when such an 
exposure is anticipated. 

PMSF at 90 mg/kg administered 4 hours after PSP 
exposure causes quantitative promotion of morphologic 
changes in the biventer cervicis nerve of adult hens at 
least after a single exposure. Other reports support the 
promoting effect of PMSF on clinical signs and neu- 
ropathological changes caused by different delayed neu- 
rotoxicants in adult hens cmd young chicks (Pope and 
Padilla, 1990; Lotti et al, 1991; Moretto et ai, 1992; Pope et 
al, 1992; Feraica et al, 1993; Osman et al, 1996; Harp et al, 
1997; Randall et al, 1997). In this work, promotion was 
observed following exposure to a NOEL of the 
organophosphate PSP in adult hens. It is difficult to 
establish a unifying hypothesis that would explain both 
protection and potentiation caused by the same PMSF 
compound. Alteration in the disposition of the 
neuropathic OP compound (Pope et al, 1992), affinity for 
some population of nontarget esterase (Pope and Padilla, 
1990), and variation in the intrinsic activities of inhibitors 
(partial agonists, full agonists and antagonists) (Moretto 
et al, 1992) have all been suggested. However, potentia- 
tion is a phenomenon of environmental relevance, since 
chemicals with properties similar to PMSF can be con- 
comitantly found with OP compounds, suggesting . that 
more severe signs of OPIDN could be observed in such 
mixed exposures. 

The present study is the first time that perfusion- 
fixation, and plastic (epoxy resin) embedding were used 
to prepare tissue to demonstrate lesions in the biventer 
cervicis nerve in promotion of OPIDN. This allowed us to 
prove that OPIDN promotion was an exaggeration of 
expected effects of administration of a neuropathy- 
inducing OP compound rather than the result of some 
different and additional form of axonal damage. The use 
of resin embedding allowed thin (1 lam thick) sections to 
be cut for light microscopic study, which gave excellent 
light microscopic resolution, superior to that in previous 
studies which used paraffin embedding and silver 
impregnation techniques (Pope et al, 1992; Peraica et al, 
1993; Harp et al, 1997; Randall et al, 1997). The biventer 
cervicis nerve used for the present studies is especially 
sensitive to OPIDN (El-Fawal et al, 1988, 1990), allowing 
both qualitative and quantitative morphological 
assessments. Randall et al (1997) reported similar clirucal 
and neuropathological findings, but they did not 
correlate clinical signs and neuropathological changes 
statistically In contrast to the adult hen study of Randall 
et al (199^, the present work also indicated promotion of 
a NOEL of PSP 0.5 mg/kg was possible, and therefore, 
showed that lesions could be induced in adult hens even 
after a non-toxic dose of a neuropathic OP compound. 
The present work is also the first study to examine neu- 
ropathological changes of promotion in OPIDN imder 
conditioriLS of dose-response. 

This is also the first time ultrastructural changes 



were examined in peripheral nerve fibers of adult hens in 
promoted OPIDN. Ultrastructural examination proved 
definitively that promotion was not due to neuropatho- 
logical changes other than those due to the OP 
compound alone. The lesions observed by transmission 
electron microscopy were qualitatively similar to the 
classical myelinated nerve fiber alterations in OPIDN 
(Bischoff, 1967, 1970; Prineas, 1969; Bouldin and 
Cavanagh, 1979b; Jortner and Ehrich, 1987). 

In summary, this study assessed PMSF-induced 
promotion and protection of OPIDN in hens using 
clinical signs, NTE irUiibition and neuropathologic 
scoring. There was a statistically significant linear rela- 
tionship of r^ = 0.76 between the last clinical scores 
(clinical score at time of sacrifice), and the neuropatho- 
logical scores. Therefore, clinical signs reflect the severity 
of lesions observed in the biventer cervicis nerve. The 
disconcordance between NTE inhibition and delayed 
neurotoxicity, seen in this study and other studies, has 
caused some to question the use of NTE inhibition as a 
biomarker for OPIDN (Pope et al, 1992; Johnson, 1993; 
Moretto et al, 1994), although it remains the best 
biomarker available at this time (Ehrich, 1996). Further 
studies need to be conducted to better understand the 
early biochemical events that occur in OPIDN in order to 
identify more precise biomarkers of OPIDN. 
Investigation of mechanisms of protection and 
promotion of OPIDN may lead to better understanding 
of the pathogenetic events involved in the development 
of OPIDN. 
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